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Cab45S inhibits the ER stress-induced IRE1-JNK 
pathway and apoptosis via GRP78/BiP 

L Chen 1 ' 3 , S Xu 1 ' 3 , L Liu 1 , X Wen 1 , Y Xu 1 , J Chen*' 1 ' 2 and J Teng*' 1 

Disturbance of endoplasmic reticulum (ER) homeostasis causes ER stress and leads to activation of the unfolded protein 
response, which reduces the stress and promotes cell survival at the early stage of stress, or triggers cell death and apoptosis 
when homeostasis is not restored under prolonged ER stress. Here, we report that Cab45S, a member of the CREC family, 
inhibits ER stress-induced apoptosis. Depletion of Cab45S increases inositol-requiring kinase 1 (IRE1) activity, thus producing 
more spliced forms of X-box-binding protein 1 mRNA at the early stage of stress and leads to phosphorylation of c-Jun 
N-terminal kinase, which finally induces apoptosis. Furthermore, we find that Cab45S specifically interacts with 78-kDa glucose- 
regulated protein/immunoglobulin heavy chain binding protein (GRP78/BiP) on its nucleotide-binding domain. Cab45S enhances 
GRP78/BiP protein level and stabilizes the interaction of GRP78/BiP with IRE1 to inhibit ER stress-induced IRE1 activation and 
apoptosis. Together, Cab45S, a novel regulator of GRP78/BiP, suppresses ER stress-induced IRE1 activation and apoptosis by 
binding to and elevating GRP78/BiP, and has a role in the inhibition of ER stress-induced apoptosis. 
Cell Death and Disease (2014) 5, e1219; doi: 1 0.1 038/cddis.201 4. 1 93; published online 8 May 2014 
Subject Category: Cancer 



The endoplasmic reticulum (ER) is an essential organelle for 
multiple cellular functions such as maintaining calcium 
homeostasis and the biosynthesis of proteins or lipids. 1,2 
Perturbation of the ER environment, such as disturbance of 
redox homeostasis, aberrations in calcium regulation, glucose 
deprivation and viral infection, can cause ER stress and 
trigger a response termed the unfolded protein response 
(UPR), which ensures that only properly folded proteins are 
sent to the plasma membrane or secreted. 3 UPR signaling 
activation is mediated by three ER membrane transducers, 
PRKR-like ER kinase (PERK), activating transcription factor 6 
and inositol-requiring kinase 1 (IRE1), and reduces ER stress 
by inhibiting protein transcription, expanding the ER mem- 
brane and elevating chaperon levels that enhance protein- 
folding ability in the ER. 4 However, under severe or prolonged 
ER stress where ER homeostasis cannot be restored, the 
UPR triggers apoptosis, which is mainly mediated by PERK 
and IRE1 signaling. 5 PERK activation leads to the phosphor- 
ylation of elF2a and selectively induces ATF4, a transcription 
factor that enhances the expression of pro-apoptotic CCAAT/ 
enhancer-binding protein homologous protein (CHOP). 6 IRE1 
activation has dual functions in apoptosis. It can splice X-box- 
binding protein 1 (XBP1) mRNA to promote cell survival. 7 
However, during severe ER stress conditions, IRE1 recruits 



TNF receptor-associated factor 2 and apoptosis signal- 
regulating kinase 1, then activates c-Jun N-terminal kinase 
(JNK) and induces apoptosis. 8 ' 9 A recent study also showed 
that under ER stress conditions, IRE1 splices certain 
microRNAs that inhibit caspase-2 expression and thus 
induces apoptosis. 10 

The 78-kDa glucose-regulated protein (GRP78), also 
known as immunoglobulin heavy-chain binding protein (BiP), 
is a chaperon protein belonging to the HSP70 family and 
predominantly resides in the lumen of the ER. GRP78/BiP, as 
a vital regulator of ER function, has critical roles in facilitating 
protein folding and assembly, protein transport, calcium 
homeostasis and regulating ER transmembrane transdu- 
cers. 11-13 In various pathological conditions, especially in 
growing tumors with a hypoxic environment, GRP78/BiP is 
strongly induced, inhibiting cancer cell apoptosis and promot- 
ing tumor growth. 1415 It forms a complex with BIK, a BH3-only 
protein, which is mainly distributed in the ER membrane and 
inhibits breast cancer cell apoptosis induced by estrogen 
starvation. 16 GRP78/BiP also interacts with the sigma-1 
receptor on the mitochondrion-associated ER membrane to 
regulate ER-mitochondria Ca 2+ and cell survival. 17 In certain 
types of tumors, highly expressed GRP78/BiP partially 
translocates to the plasma membrane where it interacts with 



1 Key Laboratory of Cell Proliferation and Differentiation of the Ministry of Education, State Key Laboratory of Bio-membrane and Membrane Bio-engineering, College of 
Life Sciences, Peking University, Beijing, China and 2 Center for Quantitative Biology, Peking University, Beijing, China 

"Corresponding author: J Chen or J Teng, Key Laboratory of Cell Proliferation and Differentiation of the Ministry of Education, State Key Laboratory of 

Bio-membrane and Membrane Bio-engineering, College of Life Sciences, Peking University, 5 Yiheyuan Road, Beijing 100871, China. Tel/Fax: +86 10 62755786; 

E-mail: chenjg@pku.edu.cn (JC) or Tel: +86 10 62767044; Fax: +86 10 62755786; E-mail: junlinteng@pku.edu.cn (JT) 

3 These authors contributed equally to this work. 

Keywords: Cab45S; GRP78/BiP; IRE1; ER stress; UPR; apoptosis 

Abbreviations: CHOP, CCAAT/enhancer-binding protein homologous protein; ER, endoplasmic reticulum; ERdj4, ER-localized DnaJ 4/microvascular differentiation 
gene 1; GRP78/BiP, 78-kDa glucose-regulated protein/immunoglobulin heavy chain binding protein; IRE1, inositol-requiring kinase 1; JNK, c-Jun N-terminal kinase; 
NBD, nucleotide-binding domain; p-IRE1, phosphorylated IRE1; PERK, PRKR-like ER kinase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; 
UPR, unfolded protein response; XBP1, X-box-binding protein 1; XBP1s, spliced XBP1 
Received 20.1.14; revised 19.3.14; accepted 1.4.14; Edited by H-U Simon 



Cab45S inhibits ER stress-induced apoptosis 

L Chen et al 



prostate apoptosis response-4 to regulate extrinsic apoptotic 
pathways 18 or forms a complex with cripto to promote tumor 
cell growth. 19 20 However, the precise regulatory mechanisms 
controlling the expression levels and functions of GRP78/BiP 
remain unclear. 

Cab45, encoded by the SDF4 gene, contains three isoforms: 
Cab45S, Cab45G and Cab45C, and belongs to the CREC 
protein family, which is mainly distributed in the secretory 
pathway. 21 Cab45G influences Ca 2+ entry into the trans-Golgi 
network where it regulates cargo sorting, whereas Cab45C 
regulates amylase exocytosis process by interacting with 
SNARE proteins in the cytoplasm. 22 A proteome study showed 
that the Cab45S protein level was upregulated more than 
20-fold in a pancreatic cancer cell line secretome, 23 but its 
functions remained largely unknown. Therefore, we designed 
experiments to determine the roles of Cab45S in cancer cell 
apoptosis and found that Cab45S regulates the activation of the 



IRE-JNK signal pathway via GRP78/BiP, and has an 
important role in inhibiting ER stress-induced apoptosis. 

Results 

Cab45S inhibits ER stress-induced apoptosis. To inves- 
tigate the function of Cab45S in ER stress-induced apopto- 
sis, we first determined the effect of Cab45S on cell survival 
after treatment with the ER stress-inducing drugs thapsigar- 
gin (TG) and tunicamycin (TM). The viability of HeLa cells 
was assessed by cell proliferation assay (MTS assay) and 
the results showed that overexpression of 3 x Flag-Cab45S 
resulted in the survival of more cells after TG or TM treatment 
of different drug concentrations or different periods 
(Figure 1a, P=1.64x 10~ 2 and Figure 1b, P=1.70x 10" 2 , 
Supplementary Figures 1a and b, P=2.00x10~ 5 and 
Supplementary Figure 1c, P=2.90 x 10~ 3 ), whereas 
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Figure 1 Cab45S promotes cell survival and protects cells from drug-induced apoptosis. (a and b) MTS assay of viable HeLa cells overexpressing 3 x Flag or 3 x Flag- 
Cab45S treated with different TG (a) or TM (b) concentrations for 48 h (n = 3). (c and d) MTS assay of viable HeLa cells overexpressing scrambled shRNA (shNC) or Cab45S 
shRNA (shCab45S) treated with different concentrations of TG (c) or TM (d) for 48 h (n = 3). (e) Representative photomicrographs from TUNEL assay of apoptotic HeLa cells 
transfected with vectors expressing 3 x Flag and 3 x Flag-Cab45S, treated with TG (2 fM) or TM (2 ^g/ml) for 48 h. Scale bar, 100 fim. (f) Quantification of TUNEL-positive 
cells as in e (n= 3; > 100 cells per experiment), (g) Western blots of Cab45S from stable HeLa cell lines with Cab45S knockdown. Numbers represent different cell lines, 
(h) Representative photomicrographs from TUNEL assay of apoptotic cells labeled in Cab45S-knockdown HeLa cells treated with TG (2/uM) or TM 
(2/jg/ml) for 24 h. Scale bar, 100/jm. (i) Quantification of TUNEL-positive cells as in h (n = 3; > 100 cells per experiment), (j) Western blots of procaspase-3 and 
cleaved caspase-3 in Cab45S-knockdown HeLa cells after treatment with TM for the indicated times. For a-d, data are presented as mean ± S.E.M. *P< 0.05, ***p< 0.001 , 
as determined by two-way ANOVA. For f and i, data are presented as mean ± S.E.M. ***P< 0.001, determined by unpaired two-tailed Student's f-test 
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depletion of Cab45S rendered the cells less viable in a 
dose- and time-dependent manner (Figure 1c, P=2.03x 10" 6 
and Figure 1d, P=7.58x 10~ 6 , Supplementary Figures 1d 
and e, P=3.61x10~ 2 and Supplementary Figure 1f, 
P=2.50x 10~ 5 ). To further investigate whether Cab45S 
promotes cell survival by inhibiting apoptosis, we performed 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay in TG- or TM-treated HeLa cells, and found 
that overexpression of 3 x Flag-Cab45S dramatically 
decreased the number of TUNEL-labeled cells (Figures 1e 
and f, left, P=1.26x1(r 4 , right, P=3.98 x 1(T 5 ). Further- 
more, we generated stable HeLa cell lines with Cab45S 
depletion (Figure 1g), in which more cells were labeled as 
TUNEL positive after TG or TM treatment compared with 
control cell lines (Figures 1h and i, left, P=4.58x10~ 7 , 
right, P=9.67 x 10~ 7 ), and similar results were also 
obtained in Cab45S-knockdown SW480 and HepG2 cells 
(Supplementary Figures 1g, h and i, left, P=3.79x10~ 4 , 
right, P=2.08 x 10~ 8 ). In addition, a distinct cleaved 
caspse-3 band appeared in Cab45S-knockdown HeLa cells 
after treatment with TM for 36 h (Figure 1j), indicating that 
Cab45S depletion promotes TM-induced apoptosis. Taking 
these results together, we concluded that Cab45S inhibits 
ER stress-induced apoptosis. 

Cab45S depletion enhances ER stress-induced apoptosis 
via activation of the IRE1-JNK signaling. To deter- 
mine by which signaling pathway that Cab45S inhibits ER 
stress-induced apoptosis, we performed quantitative real- 
time PCR and measured the transcription levels of UPR- 
related genes. The results showed that the mRNA level of 
XBP1s, a spliced form of XBP that is cleaved by IRE1 , 24 was 
significantly increased in Cab45S-knockdown HeLa cell lines 
after 4 h of TM treatment, but ATF4 activation, downstream 
of PERK, 25 was not increased (Figure 2a, P=5.16 x 10~ 6 , 
and Supplementary Figures 2a and b). ER degradation 
enhancer, mannosidase alpha-like 1 and ER-localized DnaJ 
4/microvascular differentiation gene 1 (ERdj4), the targets 
of XBP1s, 26 ' 27 showed patterns similar to XBP1s 
(Supplementary Figures 2c, P= 1 .88 x 1 0 " 6 and d, P= 3.09 
x10 -6 ), whereas CHOP, induced by ATF4 28 showed 
almost no change (Figure 2b and Supplementary 
Figure 2e), implying that Cab45S regulates the IRE1- rather 
than the PERK-mediated pathway after TM treatment. 

To verify that Cab45S participated in the IRE1 -mediated 
pathway, we detected phosphorylated IRE1 (p-IRE1), the 
active form of IRE1, and found that p-IRE1 increased 
significantly from 6 h after TM treatment in Cab45S-knock- 
down HeLa cell lines, but decreased in control cell lines 
(Figures 2b and c, P 6h = 2.96 x 10~ 3 , P 12h = 5.66 x 10~ 3 , 
P 24h = 3.16 x 10~ 4 ). Moreover, we selected efficient shRNAs 
targeting IRE1 and PERK (Supplementary Figures 2f and g), 
and used them in the MTS assay. The assay revealed that 
simultaneous knockdown of IRE1 , but not PERK, restored the 
decreased cell survival caused by Cab45S depletion 
(Figure 2d, left, P=1.07x10 _3 , right, P=2.91 x 10" 3 ), 
indicating that IRE1 function as a downstream effector of 
Cab45S. In addition, TUNEL assay confirmed that simulta- 
neous depletion of IRE1 resulted in a significant decrease of 
apoptotic cells caused by depletion of Cab45S (Figures 2e 



andf, left, P=5.34 x 10 -4 , right, P=2.45 x 10" 4 ). To further 
confirm that Cab45S is involved in the IRE1 signaling 
pathway, we determined the phosphorylation of its down- 
stream effector, phosphorylated JNK (p-JNK), which is crucial 
for apoptosis. 8 We found that p-JNK1 in Cab45S-knockdown 
HeLa cell lines was significantly increased after treatment with 
TM for 1 8 h, followed by cleavage of caspase-3, an indicator of 
apoptosis 29 (Figure 2g), whereas sp600125, a JNK inhibitor, 
prevented cleavage of caspase-3 in Cab45S-knockdown 
HeLa cell lines 24 h after TM treatment (Figure 2h). This 
suggests that Cab45S promotes ER stress-induced apoptosis 
through the IRE1-JNK signaling pathway. Furthermore, we 
measured the mRNA level of BAX, an important pro-apoptotic 
regulator associated with IRE1, 30 and found that it was 
significantly upregulated in Cab45S-knockdown HeLa cell 
lines after 18 h of TM treatment (Figure 2i, P=3.06 x 1CT 2 ), 
implying that BAX may also participate in the apoptotic 
process. Taken together, these data reveal that the IRE1 -JNK 
signaling pathway serves as a downstream effector of 
Cab45S to inhibit ER stress-induced apoptosis. 

Cab45S interacts with GRP78/BiP. To further investigate 
how Cab45S functions in the inhibition of ER stress-induced 
apoptosis, we performed immunoprecipitation assay in 
HEK293T cells overexpressing 3 x Flag-Cab45S with anti- 
Flag antibody to screen for Cab45S-interacting proteins. 
Among the identified potential binding proteins, GRP78/BiP 
was the most abundant (Figure 3a, Supplementary Table 1). 
As it is a vital regulator of ER stress, 31 ' 32 we focused on 
GRP78/BiP. 

Immunoprecipitation assay confirmed that exogenously 
expressed GRP78/BiP-EGFP specifically interacted with 
3 x Flag-Cab45S, but not with other CREC family members 
3 x Flag-Cab45G and 3xFlag-RCN1 (Figure 3b). Further- 
more, we co-transfected 3 x Flag-Cab45S and GRP78/BiP- 
EGFP into HeLa and COS-7 cells, and found that these fusion 
proteins co-localized in the ER (Supplementary Figure 3). We 
then constructed GFP-tagged N- and C-terminal truncation 
mutants of GRP78/BiP and co-transfected them with 3 x Flag- 
Cab45S into HEK293T cells to map the interaction domain on 
GRP78/BiP by immunoprecipitation assay. The results 
showed that the N-terminal nucleotide-binding domain 
(NBD) of GRP78/BiP was crucial for its interaction with 
Cab45S (Figures 3c and d); whereas GRP78/BiP interacted 
with both the N- and C-terminus of Cab45S, yet these 
interactions were weaker than with the full-length Cab45S 
(Figures 3e and f), suggesting that the whole structure of 
Cab45S is necessary for its interaction with GRP78/BiP. To 
summarize, our results reveal that Cab45S specifically 
interacts with the NBD of GRP78/BiP in the ER. 

Cab45S increases the GRP78/BiP protein level. To 

determine the effect of Cab45S binding to GRP78/BiP, we 
first evaluated the GRP78/BiP expression level in PANC-1 
cells, which are reported to have increased protein levels of 
Cab45S in malignant pancreatic secretome. 23 In Cab45- 
depleted stable PANC-1 cell lines, the protein level of 
GRP78/BiP was markedly decreased, but ER chaperones 
such as PDI and calnexin were not, compared with control 
cells (Figure 4a). Similar results were also obtained in 
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Figure 2 The IRE1-JNK signaling is required for activating ER stress-induced apoptosis in Cab45S-depleted cells, (a) Quantitative real-time PCR of relative mRNA 
expression levels of XBP1S in control (shNC, scrambled shRNA) and Cab45S-knockdown HeLa cell lines treated with TM (2/zg/ml) for the indicated periods (n=3). 
(b) Western blots of CHOP, IRE1 and p-IRE1 in control and Cab45S-knockdown HeLa cell lines after treatment with TM (2 /uglml) at the indicated time points, (c) Quantification 
of p-IRE1 in b. GAPDH was used as a loading control, (d) MTS assay of viable HeLa cells transfected with vectors expressing shNC, shCab45S and shNC, shCab45S and 
shPERK, and shCab45S and shIREI with TM (2 /*g/ml) treatment (n = 3). (e) Representative photomicrographs of apoptotic cells in transfected HeLa cells in which Cab45S 
or both Cab45S and IRE1 were depleted with TM (2 /ig/ml, 48 h) treatment (TUNEL assay). Scale bar, 1 00 fim. (f) Quantification of TUNEL-positive cells as in e (n = 3; > 1 00 
cells per experiment), (g) Western blots of cleaved caspase-3 and p-JNK in control and Cab45S-knockdown HeLa cell lines after treatment with TM (2 /^g/ml) at the indicated 
time points, (h) Western blots of cleaved caspase-3 and p-JNK in control and Cab45S-knockdown HeLa cell lines after 24 h treatment with indicated drugs. TM, 2 /ig/ml; 
sp600125, 20 /M (i) Quantitative real-time PCR of relative mRNA expression levels of BAX in control and Cab45S-knockdown HeLa cell lines treated with TM (2 //g/ml) for the 
indicated periods (n = 3). For a, c, d, f and i, data are presented as mean ± S.E.M. *P< 0.05, **P< 0.01 , ***p< 0.001 , as determined by unpaired two-tailed Student's f-test 



TM-treated Cab45S-knockdown HeLa cells (Figures 4b and 
c, left, P=2.84x10~ 3 , right, P=6.05 x 10~ 3 ). By contrast, 
we found a strong increase of GRP78/BiP, but not PDI and 
calnexin, in Cab45S-overexpressing PANC-1 cell lines 
(Figure 4d, supplementary Figures 4a and b). Intriguingly, 
we found that unlike the protein level, the GRP78/BiP mRNA 
level increased in Cab45S-knockdown HeLa cells after 4 h of 
TM treatment (Figure 4e, P= 1.25 x 10~ 4 ), indicating that 
Cab45S directly decreases the GRP78/BiP protein levels. 
Indeed, rather than affecting GRP78/BiP secretion 
(Supplementary Figures 4c and d), after 24 h of TM treatment 
followed by being treated with cycloheximide, a translation 
inhibitor, knockdown of Cab45S resulted in less remaining 
GRP78/BiP protein (Figure 4f), suggesting Cab45S depletion 



promotes GRP78/BiP degradation. Taken together, Cab45S 
increases GRP78/BiP protein level by inhibiting its 
degradation. 

Cab45S inhibits ER stress-induced apoptosis via 
GRP78/BiP. To explore the functional relationship between 
Cab45S and GRP78/BiP in ER stress-induced apoptosis, we 
first assessed the cell viability by MTS assay. Overexpres- 
sion of Cab45S promoted cell survival under TM treatment, 
yet this effect was disappeared when GRP78/BiP was 
simultaneously depleted (Figure 5a, P=4.66x10~ 3 and 
Supplementary Figure 5a), whereas overexpression of 
GRP78/BiP-EGFP rescued the decreased cell survival 
caused by Cab45S depletion (Figure 5b, P=3.43x10~ 3 
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Figure 3 Cab45S interacts with the nucleotide-binding domain (NBD) of GRP78/BiP. (a) Immunoprecipitation assay (IP) with anti-Flag antibody in HEK293T cell lysates 
expressing 3 x Flag-Cab45S. Immunoprecipitates were subjected to SDS-PAGE and then MS analysis, (b) Extracts of HEK293T cells co-transfected with GRP78/BiP-EGFP 
and 3 x Flag, 3 x Flag-Cab45S, 3 x Flag-Cab45G or 3 x Flag-RCN1 were immunoprecipitated using anti-Flag antibody. The immunoprecipitates were immunoblotted with 
anti-Flag or anti-GFP antibody, (c and d) Mapping the domain at which GRP78/BiP interacted with Cab45S. Schematics of GRP78/BiP truncates (c). Extracts of HEK293T 
cells overexpressing GFP-tagged GRP78/BiP truncates and 3 x Flag-Cab45S were immunoprecipitated with anti-GFP antibody, and the immunoprecipitates were 
immunoblotted with anti-GFP or anti-Flag antibody (d). SBD, substrate-binding domain, (e and f) Mapping the domain of Cab45S, which interacted with GRP78/BiP. 
Schematics of Cab45S truncates (e). Extracts of HEK293T cells overexpressing 3 x Flag-tagged Cab45S truncates and GRP78/BiP-EGFP were immunoprecipitated with 
anti-Flag antibody, and the immunoprecipitates were immunoblotted with anti-GFP and anti-Flag antibodies (f). Asterisks indicate 3 x Flag-tagged Cab45S truncates 
immunoprecipitated by anti-Flag antibody. SP, signal peptide; EFh, EF-hand 



and Supplementary Figure 5b). This suggests that Cab45S, 
as an upstream regulator of GRP78/BiP, promotes cell 
survival during ER stress. Next, to further determine whether 
Cab45S protects cells from ER stress-induced apoptosis via 
GRP78/BiP, we performed TUNEL assay. Under TM treat- 
ment, overexpression of Cab45S showed decreased labeling 
of apoptotic cells, and this phenotype disappeared when 
GRP78/BiP was simultaneously depleted (Figures 5c and d, 
left, P=2.9x10~ 3 , right, P=4.5x10~ 4 ). On the other 
hand, knockdown of Cab45S resulted in more labeling of 
apoptotic cells, whereas simultaneous overexpression of 
GRP78/BiP-EGFP decreased the number of apoptotic cells 
to the level in control cells (Figures 5e and f, left, P=5.34 
x10~ 4 , right, P=1.5x10 -4 ), indicating that Cab45S 
inhibits ER stress-induced apoptosis via GRP78/BiP. 

Cab45S inhibits ER stress-induced IRE1 activation 
mediated by GRP78/BiP. To test whether GRP78/BiP 
was also involved in the inhibition of ER stress-induced 
IRE1 activation triggered by Cab45S, we measured the IRE1 
phosphorylation level in HeLa cells. The results showed that 
after TM treatment, overexpression of Cab45S suppressed 
IRE1 phosphorylation, and this phenotype was reversed 
when GRP78/BiP was simultaneously depleted (Figures 6a 



and b, left, P=2.45x10 -6 , right, P=5.66 x 10" 3 ). 
Meanwhile, knockdown of Cab45S promoted IRE1 phos- 
phorylation under TM treatment, whereas overexpression of 
GRP78/BiP-EGFP decreased IRE1 phosphorylation to 
normal level (Figures 6c and d, left, P=1.05x 10~ 5 , right, 
P=2.38x 10~ 4 ). Furthermore, after 24h of TM treatment, 
depletion of Cab45S resulted in less GRP78/BiP-EGFP 
co-immunoprecipitation with 3 x Flag-IRE1 in HEK293T cells 
(Figure 6e). Together, these results suggest that Cab45S 
inhibits ER stress-induced IRE1 activation via GRP78/BiP, 
and stabilizes the interaction between GRP78/BiP and IRE1 . 

Discussion 

Cab45S has been previously reported to be a secreted 
protein, but its function is largely obscure. 23 In the present 
study, we provide evidence that Cab45S co-localizes and 
interacts with GRP78/BiP in the ER. Cab45S increases the 
GRP78/BiP protein level and prevents GRP78/BiP disasso- 
ciating from IRE1 during ER stress condition to suppress the 
IRE1-JNK signaling pathway, and inhibits apoptosis 
(Figure 6f). 

GRP78/BiP, a chaperone predominantly in the ER lumen, 
interacts with unfolded proteins through its C-terminal 
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Figure 4 Cab45S increases the GRP78/BiP protein level, (a and d) Western blots of GRP78/BiP and two other ER molecular chaperones, PDI and calnexin, in stable 
Cab45S-knockdown (a) or Cab45S-overexpressed (d) PANC-1 cell lines. Numbers represent different cell lines, (b and c) Western blots (b) and quantification (c) of GRP78/ 
BiP in Cab45S-knockdown and control (shNC, scrambled shRNA) HeLa cells treated with TM (2 /^g/ml) for the indicated periods. GAPDH was used as a loading control, 
(e) Quantitative real-time PCR of the relative GRP78/BiP mRNA expression levels in Cab45S-knockdown and control HeLa cells treated with TM for the indicated times 
(n = 3). (f) Western blots of GRP78/BiP in Cab45S-knockdown and control HeLa cells treated with TM (2 ^g/ml, 4 h) followed by cycloheximide (Chx; 1 00 fM) for the indicated 
periods. For c and e, data are presented as mean ± S.E.M. **P<0.01, ***P< 0.001, as determined by unpaired two-tailed Student's f-test 



substrate-binding domain, which is tightly regulated by a 
conformational change that depends on ATP occupation of its 
NBD. 33 Our results show that Cab45S binds to the NBD of 
GRP78/BiP, and this binding is specific for Cab45S but not 
other members of the CREC family such as Cab45G and 
RCN1. However, both the N- and C-terminus of Cab45S are 
involved in the interaction with GRP78/BiP, suggesting that 
the structural integrity of Cab45S is essential for this 
interaction, and the regulation of Cab45S binding to GRP78/ 
BiP is complex. Previous reports suggested that some 
proteins, including BAP/SN1 and ERdj4, also bind to the 
NBD of GRP78/BiP as co-chaperones to regulate its function. 
BAP/SN1 , the first nucleotide exchange factor identified in the 
mammalian ER, 34 binds to GRP78/BiP and this leads to a 
higher substrate-releasing ratio. 35 ERdj4 stabilizes the sub- 
strate binding of GRP78/BiP by inhibiting the connection 
between the NBD and the substrate-binding domain. 36 ' 37 
Thus, the NBD is crucial for the regulation of substrate binding 
by GRP78/BiP. However, at this stage, we still do not know the 
detailed structural basis of this process, and the mechanism 
underlying modulation of the NBD and substrate binding of 
GRP78/BiP by Cab45S also deserves further research. 

In the unstressed ER lumen, GRP78/BiP binds to PERK, 
IRE1 and activating transcription factor 6 to inhibit their 
oligomerization and phosphorylation, whereas during ER 
stress, GRP78/BiP releases these receptors leading to their 
activation. 32 Our data show that depletion of Cab45S 
increases the activation of IRE1, but not PERK. Considering 
that Cab45S may regulate substrate binding by GRP78/BiP 
and the substrate-chaperone manner of interaction between 
IRE1 and GRP78/BiP, one possible mechanism by which 
Cab45S inhibits IRE1 activity is that Cab45S stabilizes the 



interaction between GRP78/BiP and IRE1 by increasing 
substrate-binding ability of GRP78/BiP, similar to ERdj4. 36 
Yet there may be other mechanisms by which Cab45S inhibits 
IRE1 activity. For example, in Cab45S-depleted cells during 
ER stress, a decrease of GRP78/BiP protein level and an 
increase of the BAX mRNA level might account for the 
regulation of IRE1 activation. But the mechanism underlying 
the selectivity for IRE1 activation remains unknown. 

IRE1 has both kinase and endonuclease activity. During ER 
stress, activated I RE1 splices XBP1 mRNA to the mature form 
XBP1 s, which mainly has a protective role by initiating a series 
of genes involved in restoring protein folding or ER-associated 
protein degradation, whereas prolonged ER stress increases 
IRE1 kinase activity, which increases JNK phosphorylation 
that is linked to apoptosis. 6 However, a previous report 
suggested that these two activities of IRE1 are relatively 
independent. 38 Indeed, our data show that in the prolonged 
ER stress, Cab45S depletion leads to slightly less XBP1s, in 
contrast to the increased JNK1 phosphorylation, suggesting 
that at this time, the increased IRE1 phosphorylation mainly 
contributes to its kinase activity in ER stress-induced 
apoptosis. 

In many tumors, GRP78/BiP is highly expressed and is vital 
for tumor cell survival. 13 Recent studies have shown that 
during severe ER stress, several proteins such as RRBP1 and 
clusterin prevent apoptosis in a chaperone-dependent man- 
ner in cancer cell lines. RRBP1 interacts with GRP78/BiP and 
enhances its levels to reduce apoptosis in lung cancer, 39 
whereas clusterin has a similar effect in the hepatocellular 
carcinoma. 40 However, the molecular mechanisms under- 
lying how these proteins increase GRP78/BiP level are 
obscure. Consistently, we find that Cab45S interacts with 
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Figure 5 Cab45S inhibits ER stress-induced apoptosis via GRP78/BiP. (a) MTS assay of viable HeLa cells transfected with vectors expressing 3 x Flag and shNC 
(scrambled shRNA), 3 x Flag-Cab45S and shNC, 3 x Flag and shGRP78/BiP, or 3 x Flag-Cab45S and shGRP78/BiP treated with TM (2 ^g/ml, 48 h; n = 3). (b) MTS assay 
of viable HeLa cells transfected with vectors expressing shNC and EGFP, shCab45S and EGFP, shNC and GRP78/BiP-EGFP, or shCab45S and GRP78/BiP-EGFP treated 
with TM (2/ig/ml, 48 h; n = 3). (c) Representative photomicrographs from TUNEL assay of apoptotic HeLa cells transfected with vectors expressing 3 x Flag and shNC, 
3 x Flag-Cab45S and shNC, 3 x Flag and shGRP78/BiP, or 3 x Flag-Cab45S and shGRP78/BiP treated with TM (2 ^g/ml, 48 h). Scale bar, 100 ^m. (d) Quantification of 
TUNEL-positive cells as in c (n = 3; > 100 cells per experiment), (e) Representative photomicrographs from TUNEL assay of apoptotic HeLa cells transfected with vectors 
expressing shNC and EGFP, shCab45S and EGFP, or shCab45S and GRP78/BiP-EGFP treated with TM (2^g/ml, 48 h). Scale bar, 100 ^m. 
(f) Quantification of TUNEL-positive cells as in e (n = 3; > 1 00 cells per experiment). For a, b, d and f, data are presented as mean±S.E.M. **P<0.01, ***p< 0.001, 
as determined by unpaired two-tailed Student's f-test 



GRP78/BiP, and Cab45S depletion promotes ER stress- 
induced apoptosis by decreasing the GRP78/BiP protein 
level. But in contrast with its protein level, the mRNA level of 
GRP78/BiP increases, which may be due to the enhanced 
splicing of XBP1 . We moved a step forward by demonstrating 
that Cab45S stabilizes GRP78/BiP protein to prevent degra- 
dation but not secretion, thus attenuating I RE1 -mediated 
signaling to protect cells from ER stress-induced apoptosis. 
But whether this effect is due to the interaction between them 
or requires other proteins for assistance needs further 



investigation. As GRP78/BiP is a promising target in cancer 
therapy, 41 elucidation of the relationship between Cab45S 
and GRP78/BiP may thus lead to novel clinical therapies for 
cancer. 

Materials and Methods 

Vector construction. Cab45S/G and RCN1 were cloned from HeLa cell 
cDNA and inserted into the pcDNA3.1 + vector (Invitrogen, Carlsbad, CA, USA) 
with an EGFP or 3 x Flag tag immediately after their signal peptides. GRP78/BiP 
was also cloned from HeLa cell cDNA and inserted into the pEGFP-N3 vector 
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Figure 6 Cab45S inhibits IRE1 activation via GRP78/BiP. (a and b) Western blots (a) and quantification (b) of p-IRE1 in HeLa cells transfected with vectors expressing 
3 x Flag and shNC (scrambled shRNA), 3 x Flag-Cab45S and shNC, 3 x Flag and shGRP78/BiP, or 3 x Flag-Cab45S and shGRP78/BiP after TM treatment (2 ^g/ml, 48 h). 
GAPDH was used as a loading control, (c and d) Western blots (c) and quantification (d) of p-IRE1 in HeLa cells expressing shNC and EGFP, shCab45S and EGFP, shNC and 
GRP78/BiP-EGFP, or shCab45S and GRP78/BiP-EGFP after TM treatment (2^g/ml, 48 h). GAPDH was used as a loading control, (e) Extracts of HEK293T cells 
overexpressing the indicated vectors treated with TM (1 ^g/ml, 24 h) were immunoprecipitated with anti-Flag antibody. The immunoprecipitates were immunoblotted with anti- 
Flag, anti-EGFP or anti-Cab45S antibody, (f) Working model of the mechanism by which Cab45S controls ER stress-induced apoptosis. Cab45S interacts with the NBD of 
GRP78/BiP, which prevents its disassociation from IRE1 and increases the protein level of GRP78/BiP. These effects lead to inhibition of the IRE1-JNK pathway and ER 
stress-induced apoptosis. For b and d, data are presented as mean ± S.E.M. **P<0.01, ***p< 0.001, as determined by unpaired two-tailed Student's f-test 



(Clontech Laboratories, Mountain View, CA, USA). The truncations of Cab45S and 
GRP78/BiP were constructed based on the 3 x Flag-Cab45S and GRP78/BiP- 
EGFP vectors. 

RNAi. The followings were the shRNA sequences used in the experiments: 
Cab45S sh1: 5'-TCAAGTACAGCG AGTTCT-3' , sh2: 5'-GGAGGAAGCT 
GATGGTCA-3' (Sigma, St. Louis, MO, USA); PERK sh4: 5'-GAAATACTCTACCA 
GCCTCTA-3', sh5: S'-GAAACAGCTATTCTCATAAAG-S' (Sigma); IRE1 sh3: 
5'-GAGAAGATGATTGCGATGGAT-3', sh4: S'-GAAATACTCTACCAGCCTCTA-S' 
(Sigma); GRP78/BiP sh1: S'-ACAAGAAGGAGGACGTGGGCA-S' , sh2: 5'-GC 
TAATTG AG ACC AC AG GCTT-3' (Sigma). 

Cell culture. HeLa, HEK293T, SW480, HepG2 and COS-7 cells were cultured 
in DMEM (GIBCO BRL, Grand Island, NY, USA), and PANC-1 cells were cultured 
in RPMI 1640 (GIBCO), which were supplemented with 10% FBS (HyClone, 
Logan, UT, USA) at 37 °C with 5% C0 2 . 

Regents and antibodies. The primary antibodies were anti-BrdU (MBL, 
Nagoya, Japan), anti-GFP (MBL), anti-Flag (Sigma), anti-tubulin (Sigma), 



anti-ATF4 (GeneTex, San Antonio, TX, USA) and anti-PARP, anti-calnexin, anti- 
PDI, anti-p-JNK, anti-caspase-3, anti-PERK, anti-IRE1, anti-GAPDH, anti-plRE1 
and anti-GRP78/BiP from Cell Signaling Technologies (Danvers, MA, USA). Anti- 
Cab45S antibody was raised against the peptide in the C-terminal domain 
(305-348 aa) different from Cab45G. The secondary antibodies used were as 
follows: HRP-conjugated and AlexaFluor 488-/568-conjugated goat anti-mouse/ 
rabbit IgG antibodies (Invitrogen) for western blotting and immunofluorescence, 
respectively. The drugs used were TG (Sigma), TM (Sigma), sp600125 
(Cell Signaling Technologies), cycloheximide (Sigma). 

Stable cell line generation. HeLa cells transfected with the plasmids were 
incubated with puromycin (2 ^g/ml) for selection. Single clones were selected and 
cultured in the presence of puromycin for 2 weeks. Cell lines were then subjected 
to western blot analysis. 

Transfection and immunofluorescence. Cells were grown to 50% 
confluence and then transfected with PEL After transfection for 5h, the medium 
was replaced, and cultured cells with or without drugs for the indicated times were 
used for subsequent study. 
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For immunofluorescence, cells were cultured on glass slides, fixed with 4% PFA 
for 0.5 h, and then permeabilized with 0.15% Triton X-100, washed three times with 
PBS, blocked with BSA and exposed to the primary antibody overnight at 4 °C. After 
rinsing the cells five times with PBS, the samples were exposed to the secondary 
antibody for 1 h at room temperature, and then washed five times, and used for 
confocal microscopy (Leica, Solms, Germany). 

Immunoprecipitation, mass spectrometry and western blot. 

Thirty-six hours after transient transfection, HEK293T cells were lysed on ice in 
immunoprecipitation buffer (50 mM Tris, 150 mM NaCI, 1% Triton X-100, 1 mM 
DTT, 2mM CaCI 2 , pH 7.4) with a protease inhibitor cocktail (Roche, Basel, 
Switzerland). One-tenth of the cell lysates were prepared as input samples, and 
the rest were pre-cleared with Protein A/G Sepharose beads (GE Healthcare, 
Uppsala, Sweden) for 0.5 h. Then the supernatant was incubated with primary 
antibody at 4 °C overnight, after which the beads were added to the system and 
incubated for 2h. Then, the beads were rinsed three times in the 
immunoprecipitation buffer and prepared as immunoprecipitation samples. The 
samples were separated by SDS-PAGE, followed by western blotting or mass 
spectrometry (Finnigan, San Diego, CA, USA). 

MTS assay. Cells at 5 x 10 3 per well were seeded in 96-well plates, treated as 
indicated for 2 or 3 days after transfection, and then assayed using an MTS kit 
(Promega, Madison, Wl, USA). Before measurement, 20^1 MTS reagent was 
added into each well. After 1-2 h incubation, viable cells were measured as the 
absorbance at 490 nm. Each experiment was repeated eight times. 

TUNEL assay. HeLa cells on glass slides were transfected, treated with drugs 
for the indicated times, and subjected to TUNEL labeling according to the 
recommended procedures (In Situ Cell Death Detection kit, TMR red; Roche). 
After fixation, the cells were permeabilized with 0.1% Triton-X 100 and 0.1% 
sodium citrate on ice for 2 min. Then they were washed twice, incubated with 
TUNEL reaction mixture at 37 °C in darkness for 1h and examined under a 
fluorescence microscope (Olympus, Tokyo, Japan) as previously described. 42 

Quantitative real-time PCR. The mRNA was extracted from HeLa cells to 
synthesize cDNA using the GoScript Reverse Transcription System (Promega). 
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) was 
used to perform quantitative real-time PCR in an ABI 7300 Detection System 
(Applied Biosystems) as previously described 43,44 The primer sequences were 
listed in Supplementary Materials (Supplementary Table 2). All reactions were 
conducted in triplicate. 

Data analysis. All experiments were repeated at least three times. Data 
analysis was performed with GraphPad Prism 5 software (GraphPad Software, 
San Diego, CA, USA) using the unpaired two-tailed Student's Mest. 
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